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S Klnetische Deuterlumlsotople-Effekte helmn Abbrand vont Effets cinitiques d'isotople de deutirium lots de la combustion de
- Nltramlntrelbstoff-Fonnuliernmgen compositions de propergol h base de nitramine

__ Der kinetische Deuteriumisotopie-Effekt wurde verwendet zur L'effet cindtique d'isotopie de deuterium a det Wciise pour 6tudier le
Untersuchung des geschwindigkeitsbestimmenden Vorganges beim phinomntne limitant la vitesse lors de la combustion de compositions
Abbrand von Nitramintreibstoff-Formnulierungen. Modell-Treibstoffe, de propergol A base de nitramine. Des compositions modilisies de
die entweder HMX, RDX oder ihre deuterierten Analoge enthielten, propergol contenant soit le HMX, le RDX ou leurs analogues
wurden zu Kilgelchen gepre~t und unter Stickstoffatmosphaire in einer deutdrisds ant iti comprimies sous forme de petites billes et brfil~es
optischen Bomnbe abgebrannt. Die GrOBen der beabachteten Isotopic- sous pression d'azote dans une bombe optique. Les valeurs des effets
Effekte zeigten. daB HMX und RDX sichtbaren Einflui3 ausuben auf d'isotopie observes ant moncrE que le HMX et le RDX exerqaient une
den Abbrand der untersuchten Treibstoffe. Andererseits, unter der influence decisive sur la combustion des propergols utilisks. DautreU) Annabme eines tlbereinstimmenden Mechanismus zwischen Zerset- part, en supposant un niecanismne coherent entre la destruction et la
zung und Abbrand, ist es aufgrund der beobachteten Isotopie-Effekte combustion, les effets d'isotopie observes montrent clairement que la

- naheliegend, daBl das Aufbrechen der CH-Bindung im HMX oder rupture de ]a liaison CH dans le HMX ou le RDX est l'itape qui per-(.0RDX der geschwindigkeitsbestimmende Schritt fur den Abbrand der met de con"rJer la vitesse lors de la combustion du propergol. i base
IM) Nitramintreibstoffe ist. Die beobacbteten Werte des Isotopie-Effektes de nitramine. Les valeurs observees de l'effet d'isotopie pour les corn-

i - fuir die Treibstoff-Formulierungen HMX-CW5 und RDX-CW5 bei positions de propergol HMX-CWS et RDX-CW5 i une pression de
einem Druck von 6,99 MPa waren 1,29 ± 0.09 bzw. 1,24 ± 0,07 im 6,99 MPa itaient de 1,29 ± 0.09 ou de 1,24 ± 0,07 par rapport i la
Vergicich zum theoretischen Wert von 1,29 fdr einen Primireffekt valeur thdorique de 1,29 pour un effet primaire tars de la rupture de la
beirn Bruch der CH-Bindung bei 673 K. liaison CH A 673 K.

L LE CT__

Summary based solid propellants possess several undesirable charac-
_________________ teristics which have thus far limited their application.

The kinetic deuterium i~ooeetc a usea to investiat e It is difficult to vary the burn rate of nitaraine propel-
rate-limiting process in the combustion of formulated nitramine P' lants through modification of the propellant formulation.
pellants. Model propellant formulations containing either octahydro- Tmdf h unrt faus

135,7-tetranitro-l,3,5,7-tetrazocine (HMX). hexahydro-1,3.5-trinitro- Techniques developed tomoiytebmreofau -
IN4q 1.3,S-tiazine (RDX), or their deuteriated analogues were pressed into num-amnionium perchlorate propellants - such as changing

pellets and burned under nitrogen pressure in a window bomb. The ingredient particle size, adding catalysts, varying the amo-
magitudes of the observed deuterium isotope effects indicate that the unts of ingredients, etc. - have little effect on the burn rates
H'J( and RDX exert significant control over the combustion phe- of nitramine propellants. In essence, nitramine propel-
nomenon of the propellants studied. Furthermore, assuming a consis-
tent mechanism between decomposition and combustion, the observed )ants tend to burn over a very narrow range, often referred
isotope effects suggest that a carbon-hydrogen bond rupture in HM~X to as the "bumn rate box." Furthermore, the burn rates of

ji. or RDXis the rate-controlling step in the combustion of the model nit- nitramine propellants are too slow for many applications.
V ~ramine propellants. Observed isotope effect values for HMX-CWS The effect of pressure on the burn rate (r) of a propellant

and RDX-CWS formulated propellants at 1000 psig (6.99 MPa) pres-
sure were 1.29 ± 0.09 and 1.24 ± 0.07, respectively, compared to a is given by
theoretical estimate of 1.29 for a primary effect due to C-H bond rup- r = a(p~) 1ture at 673 K.

where pc is the pressure inside the combustion chamber, a is
1. Introduction an empirical constant, and n is the burn rate pressure expo-

nent(4). The larger the pressure exponent, the greater the
The nitramines HMX and RDX have been employed in change in propellant burn rate with increasing pressure.

solid rocket propellants as replacements for both fuel (e.g., Unfortunately, nitramine-based propellants possess certain
~) aluminum) and oxidizer (e.g., ammonium nitrate) in an problems which have thus far limited their application.

effort to enhance performance and reduce visible exhaust They tend to have large pressure exponents; often n > 0.8.
productSt3). While acceptable performance and reduction of As a consequence, the propellant burn rate and the combus-
the visible exhaust plume have been achieved, nitramine- tion pressure are very sensitive to each other so that catas-
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trophic pressure increases can occur in a few millisec- effects are generally larger than secondary effects. How-
ondS(4). Finally, nitramine-based propellants are generally ever, determining whether an observed isotope effect is pri-
more hazardous than aluminum-ammonium perchlorate mary or secondary is not trivial. For single-step reactions,
propellants. kinetic isotope effects are observed when bonds to an iso-

If HMX- and RDX-based propellants are to be used on a topic atom undergo changes upon transition to the activated

broad scale, significant improvements in the burn rate complex. In the case of multi-step reactions, isotope effects
range, pressure exponent, and propellant hazard must be will be seen if bonds to an isotopic atom undergo changes
made. These, in turn, necessitate a fundamental understand- in a slow step of the reaction mechanism.
ing of the processes governing the energy release in the The following discussion focuses on the isotope effects
combustion of HMX and RDX. Recently, researchers have arising when deuterium is substituted for protium, hereafter
focused their attentions on determining the rate-limiting referred to as Kinetic Deuterium Isotope Effects (KDIEs).
reactions in the thermal decomposition and high-pressure For more detailed information, the reader is directed to lit-
combustion of HMX and RDX because it is the rate of the erature reviews( 12-19).
slowest reaction which to a large extent controls the global According to transition state theory, the rate constant k
energy release process. for a reaction is given by

Kinetic isotope effects provide a powerful technique for
the investigation of the rate-controlling reactions in thermo- k= --- kTicK (2)
chemical processes of energetic materials. Recently, isotope
effects have been used to study the thermal decomposition
and combustion of HMX and RDX(5-11). The results of where kB is Boltzmann's constant, T is temperature, and h

these experiments implicate a C-H bond rupture as the glo- is Planck's constant. The transmission coefficient (1c) repre-
bal rate-controlling step in these thermochemical events. sents the probability that a given system moving in the
The isotope effect studies have important implications in direction of the reaction path will in fact pass over the
the improvement of nitramine-based propellants. However. potential energy barrier to the products side(12). The quan-
the relevance of results for pure.HMX and RDX is limited tity K is the equilibrium constant between the reactants and
because of the possibly significant influence that other pro- activated complex. For the hydrogen transfer reaction
pellant ingredients may exert on the chemical mechanism B + AH(D) =A---H(D)---B-4 A + BH(D)
of nitramine propellant combustion.

In a continuation of previous combustion work on it takes the form of
HMX(5) and RDX(6.-7), isotope effects in the combustion of
model formulated nitramine propellants are reported here. _QH- exp Q- ]
These results are compared to the results for the combustion QAHQB (3)
of the pure nitramines in order to draw conclusions about
the effect of propellant ingredients on the nitramine com- where Q$AHB is the quantum mechanical partition function
bustion mechanism. Finally, explanations are offered for for the activated comlex, QAH and QB are the partition func-
the observed isotope effects and their kinetic implications. tions for the reactants, and R is the universal gas constant

[the double dagger (t) is used to identify quantities asso-
2. Background ciated with the activated complex/transition state]. The acti-

vation energy for the reaction (Ea) is simply the difference
2.1 Kinetic Deuterium Isotope Effect Theory between the zero point energy of the reactants (Eo) and the

zero point energy of the activated complex (Et). For a com-
Kinetic isotope effects long have been recognized for parison of rates of protiated and deuteriated species' reac-

their potential in the study of reaction rates and mecha- tions, the KDIE, kH/kD, is expressed as
nisms. Normal substituent effects do not always give a clear
understanding of a system due to changes in the potential kH -= H Q$AHB/QAH ep [E_•] ]
energy surface and possible mechanistic changes which kD D rD,/ exp -R - (4)
occur upon going from one substituent to another. The

potential energy surface and the reaction mechanisms of
molecules differing only by isotopic substitution are essen- The quantity [AEa]" is merely the difference between the
tially the same. This allows kinetic isotope effects to be activation energy for the reaction with protium (EH) and
used to investigate the nature of a single potential energy the activation energy for the reaction with deuterium (E.D).
surface and thus a single transition state( 12). There are essentially two parts to Eq. (4), each of which

Isotope effects are categorized as being either primary or may cofitribute to the magnitude of the KDIE. The first part
secondary. A primary (10) isotope effect occurs when a is the preexponential; it consists of the ratio of the transmis-
bond to the isotopic atom is broken during the rate-limiting sion coefficients and the ratio of the partition functions.
step. Secondary (20) isotope effects are those effects which Under most circumstances, both of these ratios are very
do not involve the rupture of a bond to the isotopic atom close to unity. As such they are normally not considered
but another one in its immediate vicinity. Primary isotope when evaluating KDIEs. The second portion of Eq. (4)

(involving [AE.IH) is the zero point energy contribution.
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of most observed isotope effects. In turn, the size of approximation cannot be used to simplify the ratio of
[F, Dx depends solely on the changes in zero point energy reduced masses (I/L•I)Pl. Because of the small size of
which occur on going from reactants to activated complex. the isotopic atom and its rather minor contribution to the

The temperature dependence of KDIEs may be under- reduced mass, I is only slightly larger than !t , giving a
stood qualitatively from the Arrhenius relationship incorpo- value of (,./D)o l very close to unity. Thus, at infinite

rated into Eq. (4). The preexponential ratio can be consid- temperature, secondary KDIEs approach unity.
ered to be relatively temperature independent(20), whereas In the discussion thus far, attention has been focussed on
the exponential (-[AEIX/RT) is obviously temperature the KDIE arising from a single isotopic atom. It is frequent-
dependent. Large KDIEs (with the exception of reactions ly the case, however, that reactions are performed on mole-
involving quantum mechanical tunneling)(19) are due almost cules containing more than one isotopic atom. This gives
entirely to zero point energy contributions. As such, KDIEs rise to the possibility of compounded isotope effects. Essen-
of this type should exhibit a profound dependence on tern- tially, when there is more than one isotopic atom, the
perature. In contrast, KDIEs with only minimal zero point effects of each atom multiply(12); and it is possible to have a
energy contribution should change little with temperature. compounded isotope effect wherein one atom contributes a

'The maximum values of [AE 8 JH occur for reactions with primary effect and one or more atoms contribute a secon-
linear symmetrical transition states (i.e., the transition state dary effect. A more comprehensive treatment of isotope
A---H-- -B is linear, and the A--- H and H-- -B force con- effects takes into account such factors.
stants are equal)(12-14.21). Consequently, KDIEs for this type The determination of whether an isotope effect is pri-
of reaction will vary the most with temperature. For exam- mary or secondary is relatively straight-forward for reac-
pie, using Eq. (4) and assuming only zero point energy con- tions involving a single isotopic atom. If the observed effect
tributions, a KDIE of 7.0 at 298 K decreases to a value of is greater than the maximum possible secondary effect, then
3.4 at 473 K. For linear unsymmetrical transition states the KDIE can unambiguously be assigned to a primary
(i.e., H is closer to A or to B), the values of [AE,]H are effect. If, however, the KDIE is less than the maximum sec-
smaller, and consequently the temperature dependences of ondary effect, then other information must be used to deter-
the KDIEs are less than for the symmetrical case. In the mine whether the effect is primary or secondary.
same manner as above, a KDIE for an unsymmetrial case
which is 2.0 at 298 K would decrease only to 1.55 at 473 K. 2.2 Energetic Material KDIE Studies

Non-linear transition states have values of [AEaIx which
are very close to zero. As such, the preexponential is the Because of the complexity of KDIE theory, approxima-
primary source of the KDIE for reactions of this type. tions have been made in an effort to simplify its application
Because the preexponential varies little with temperature, to experimental data. Unfortunately, KDIE theory has fre-
KDIEs for reactions with non-linear transition states tend to quently been oversimplified to the point where it becomes
be temperature independent. In fact, a constant KDIE over valid only under idealized circumstances. The resulting
temperature ranges greater than 50 degrees is a strong indi- application of this simplified model to experimental data
cation of a bent transition state(20). When the extrapolation has led to frequent errors in the interpretation of KDIE(13).
of KDIE is caried out to extremely high temperatures, the Recently, KDIEs have been used to identify the rate-
exponential portion of Eq. (4) reduces to unity. This leaves controlling step in HMX and RDX decomposition(6. 9,10) and
only the preexponential to contribute to the KDIE. What deflagration(9) processes as well as in combustion phenome-
this preexponential actually represents is the ratio of parti- na5-7). Assignment of the type of KDIE (1°, 20, or inverse)
tion functions [Eq. (3)], which at high temperature reduces observed during an energetic compound's decomposition
to vH/4L, the ratio of imaginary frequencies describing process or its combustion phenomenon has been an evolu-
the motion along the reaction coordiante(19.21 ). At infinite tionary procedure. The inherent complexity of KDIE theory
temperature the value of this ratio of imaginary frequencies and of these high-energy events themselvest5.9,2 ) dictates
and thus the value of the KDIE should in theory fall that approximations must be used when interpreting experi-
between unity and (9 44/pWL)1'2 (the ratio of the reduced mental data. Nevertheless, approximations must also be
masses along the reaction path)(19). For primary KDIEs in used cautiously to avoid oversimplifications that could
which the isotopic atom is in motion along the reaction result in conceptual errors(13). Balancing the necessity of
path, the infinite mass approximation can be used to give approximation with the potential pitfall of oversimplifica-

"_._ý D /tion was addressed when the KDIE approach was first
extended from earlier well defined solvolyzed or gas-phase

S' I. mH (5) chemical reactions to condensed-phase thermochemical
decomposition processes which consist of numerous

where m is the mass of the isotopic atom. Thus, the high sequential and parallel chemical reactions(4.2 4). Application
temperature limiting value for a primary KDIE should be of the KDIE approach to the high-pressure combustion
(2)W12 or 1.41. However, due to unharmonicities and inaccu- regime of a pure energetic compound represents an addi-
racies in the infinite mass approximation this value(22) is tional step in complexity of interpretation; both a con-
closer to 1.35. densed-phase decomposition process and a gaseous flame

In secondary KDIEs, the isotopic atom is not involved in oxidation process simultaneously occur, each with its own
motion along the reaction path. Thus, the infinite mass myriad of chemical reactions(5). Use of the KDIE approach
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with a formulated propellant mixture comprised of several thermochemical decomposition process. Indeed, all prod-
compounds represents the most complex case to date and ucts seen in the impact and shock sub-initiated TATB stud-
epitomizes this dilemma whe KDIE approximations ies resulted from N-H bond rupture, with the furoxans
must be balanced against the pi oversimplification, being produced solely by the same N-H bond dissociation

Evolution of KDIE intepi- .ja under the complex, seen as the rate-controlling step in TATB's thermochemical
high-temperature, high-pressure conditions produced by decomposition and thermally initiated thermal explosion. In
energetic compound decomposition and deflagration pro- the XPS-analyzed impact sub-initiated RDX and TNT sam-
cesses plus combustion, thermal explosion, or detonation pies, products again were identified which were either the
phenomena began with a mechanistic KDIE study of the same as those isolated in thermochemical decomposition
thermochemical decomposition exhibited by liquid 2,4,6- (where C-H bond dissociation had been identified as the
trinitrotoluene (TNT) and its deuterium-labeled analogue rate-controlling step) or which were formed only via disso-
(TNT-,a,a-d3)(24). Based upon a theoretical high-tempera- ciations involving C-H bonds. In summary, XPS-identified
ture limit of 1.41 for a 10 KDIE(4), coupled with chemical products formed from TNT, TATB, and RDX in hot spot
structures of TNT and its previously reported decomposi- cavities essentially resulted from the Same covalent bond
tion products(25.26), the KDIE value of 1.66 determined from dissociation which produced experimental 10 KDIE values
the experimental induction periods was assigned to be a 1V observed in previous thermochemical decomposition, defla-
KDIE. This value revealed that the methyl group's IC gration, combustion, thermal explosion, and detonation
bond dissociation constitutes the rate-controlling step 'udies of these compounds(M31-35).
uid TNT's thermochemical decomposition process. SI. x- While the assumption of 1.35 as a 1° KDIE minimum
quently, this same criterion of 1.41 as a minimum 10 KDIE value has withstood the test of time to date, a recent ab
value was used in a study of the thermochemical decompo- ins.;o molecular orbital calculation conducted on intramo-
sition of solid 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) lecular decomposition of TNT between 245 K and 269 K(36)
and its deuterium-labeled analogue (TATB-d6) to show that furthj illustrates the complex nature of condensed-phase
a 1.5 KDIE value represented a I KDIE, where the amino KDIE interpreta.ion. While the calculated 1 KDIE value
group's N-H bond dissociation is the rate-controlling ranges from 2.4 to 2.5 with tutneling corrections, the lower
step(27). This interpretation was supported by the significant experimental value (1.66)(24) :ndicates that other factors,
reduction of a proton NMR signal in the decomposed resi- including intermolecular reacticin'sW7-39) and small com-
due left at the end of solid TATB's decomposition. A fur- pounded 20 KDIEs, are present.
ther mechanistic investigation(9b) conducted on the thermo- Since HMX and RDX are congenerous cyclic nitramines
chemical decomposition of HMX and HMX-dg used 1.35 as which differ by only one "methylene-nitrimine" unit
a minimum experimental 10 KDIE value based on prece- (-CH 21i-NO2 or -CD21A-NO 2), the possible isotope effects
dent theory about limiting values of this parameter(22. 28). for HMX and RDX are almost idenmical. For deuterium sub-
Subsequent KDIE studies of HMX and RDX thermochemi- stitution at the methylene carbon atoms, isotope effects
cal decomposition(6.9.10) and combustion(5,7) used 1.35 as a should be observed if either a C-H, C-N, or N-N bond were
1* KDIE lower limit. Extrapolations of the observed KDIE broken in the rate-limiting process. A C-H bond rupture
values to standard temperature (298 K) essentially utilizing would result in a compounded primary effect due to a pri-
Eq. (4) as an approximation yielded in every case normal- mary contribution from the deuterium in motion along the
ized room-temperature KDIE values exceeding a suggested reaction path and a secondary contribution from the deuteri-
minimum 10 KDIE value of 2.5 at standard temperature(29). um alpha to the reaction path (Fig. 1). Estimates of individ-

KDIE studies :ilso have been conducted with thermally ual primary and secondary effects have been madetid) based
initiated thermal explosion(27) and shock-initiated detonati- on: an observed 20 KDIE of - 1.07 for thermolysis of
on(O0 31) phenomena. Thermal explosion studies of TATB 4-methylene-l-pyrazoline(4 0); observed KDIEs of 2.98 (1°)
and TATB-d 6 produced a critical temperature difference and 1.30 (20) for elimination reactions at 323 K(2); and
where TATB-d6 was 12 degrees higher. The > 100 tempera- application of Eq. (4) (assuming the preexponential as
ture rise suggests a 10 KDIE greater than 2 in the thermally
initiated chemical reactions which produce TATB's thermal (Observed KDIE = 1*.20)
explosion and suggests that N-H bond rupture could be the p
rate-controlling step. Interestingly, product analyses by X- D N02
ray photoelectron spectroscopy conducted on hot spots pro-
duced in mechanical impact sub-initiated thermal explo- O2N1N1 N loNO2  C'. NCD2
sions of TATB revealed the same type of products formed N N \
(furazans and furoxans) as those produced during its ther- D(2! D 0 2 N-NN NN 02

mochemical decomposition(3 1 -35 ). The same was true in DN 2  D2NN /2
shock sub-initiated detonation studies of TATB sam- N /IN
ples(3 .34) and lends support to shock-initiated KDIE studies N02
conducted on TNT(30), RDXO0), and HMXO0), where small
but statistically significant differences between normal and (Observed KDIE = o.a2*-•0 2* P20)

deuterium-labeled compounds were interpreted as coming
from the same rate-controlling step as that observed in the Figure 1. Possible isotope effects in RDX-d6 and HMX-ds.
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unity) to extrapolate the latter KDIEs to a temperature Thermogravimetric analysis (TGA) has been employed
yielding an estimated 2° KDIE of 1.07 and a corresponding to study isotope effects in HMX decomposition(O b).
1V KDIE of 1.32. Using these values, the estimated magni- Because nitramine decomposition proceeds to gaseous
tude for a KDIE from a C-H bond rupture in HMX and products early on, thermogravimetric analysis, which meas-
RDX would be 1.32. 1.07 = 1.41. In theory, the four deute- ures sample weight loss with time, is a practical method for
riums gamma to the reaction site could contribute to the measuring rate constants and thus isotope effects. The
compounded primary effect. However, considering the KDIE values obtained for HMX decomposition using TGA
small magnitude of a-secondary effects under these condi- are also listed in Table 1. An average KDIE of 2.06 ± 0.12
tions, the secondary effects of y-deuteriums can be neg- was observed for experiments in the temperature range of
lected. 235 °C - 282 °C, comprised of solid-state and then melt

A C-N bond rupture in the rate-limiting process would phase HMX. By use of the empirical 1.35 criterion(9), the
result in a compounded secondary effect made up of the isotope effect was attributed to a rate-limiting C-H bond
contributions from the two a-deuteriums and the two P3- rupture. Following the logic used to explain the KDIE in
deuteriums (Fig. 1). Depending on the orientation of the the IDSC induction phase, the isotope effect measured by
activated complex, the isotopic effects of 13-deuteriums TGA also appears to be a primary effect compounded by
(secondary isotope effects of the second kind) can be as secondary effects.
large as the effects of cx-deuteriums (secondary isotope
effects of the first kind). Under most conditions, however, 2.4 KDIE in RDX Decomposition
the effects of 0-deuteriums are smaller. Assuming this to be
the case, an acceptable estimate for the contribution of the The KDIE values obtained for RDX decomposition are
03-deuteriums to the compounded secondary KDIE would given in Table 2. The isotope effect values for IDSC and
be 1.02 per deuterium(12, 41,42). Using this estimate and the TGA are in the same range even though TGA measured the
2° KDIE approximation above, the estimated magnitude of KDIE for the solid and mixed melt state decomposition
the effect for a C-N bond rupture would be 1.07 - 1.07 • while IDSC measured a KDIE for decomposition in the liq-
1.02- 1.02 = 1.19. This value compares very well with that uid. By use of the 1.35 criterion, all three KDIEs for RDX
determined in the previous thermochemical decomposition decomposition were designated as primary(6.10). Although
investigation of HMX where the 20 KDIE value ranged the TGA value of 1.53 is smaller than the IDSC values, it
from 1.13 to 1.28(9). would still require a relatively large secondary effect from

There is sufficient evidence both theoretical(43) and all four deuteriums for it to be the result of a compounded
experimental(9.44) to conclude that the N-N bond is the secondary effect. Therefore, as was the case for the HMX
weakest covalent bond in HMX and RDX. Furthermore, induction phase (because it is unlikely that the effects can
these studies indicate that the N-N bond rupture is relatively be due to a compounded secondary effect), the KDIE for
facile at the temperatures of nitramine decomposition(45). RDX decomposition appears to be the result of a rate-con-
Consequently, it was concluded that the N-N bond rupture trolling C-H bond rupture.
was unlikely to be the rate-limiting step.

2.5 KDIE in HMX and RDX Combustion

The bum rates of pressed pellets of HMX and HMX-d8
23 KDIE in HMX Decomposition - were measured at three different pressures(S). The ratio of

the bum rates (rH/rD), which was assumed to be equivalent
HMX decomposition, as measured by isothermal diffe- to the ratio of rate constants, at each pressure is given in

rential scanning calorimetry (IDSC), possesses three Table 3. By using the 1.35 KDIE criterion, the 1.37 ± 0.22
regimes similar to what is seen in TNT decomposition. The and 1.60 ± 0.16 KDIE values at 500 psig (3.55 MPa) and
induction phase, the exothermic acceleratory phase, and the 1000 psig (6.99 M[Pa), respectively, were designated as pri-
decay phase have been attributed to physical states of mary effects. A lower value at 1500 psig (10.44 MPa) of
HMX; solid, mixed melt, and liquid, respectively(9). The 1.24 ± 0.20 was explained as a consequence of one of three
KDIEs for each of these phases are listed in-Table 1. possible causes. HMX combustion proceeds through an

Table 1. Deuterium Isotope Effects in HMX Decomposition

Method Temp. Range [K] Physical State Ratio(s) KDIE Ref.

IDSC 551-553 solid tnM/tM 2.21 ± 0.18(b) 9
IDSC 551 solid tW>/1, 1.74 ± 0.22(c) 9"
IDSC 551-553 mixed melt kA/kD 0.85 ± 0.22(b) 9
IDSC 551 mixed melt kADk0  1.05 ± 0.19(c) 9
IDSC 551-553 liquid kAkD 1.13 ± 0.08(b) 9
IDSC 551 liquid k/kD 1.28 ± 0.2 (1) 9
TGA 508-555 solid and melt kAkD 2.06 ± 0.12(bA) l0b
TGA 508-555 solid and melt tmoftm 1.91 ± 1).19(b) l0b

(a) t1 is the induction time for thermochemical decomposition in the IDSC and TGA experiments. 0) HMX and HMX-da were prepared by differ-
ent methods. W) HMX and HMX-d, were prepared by identical methods. (d) Recalculated from published rate constants.
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Table 2. Deuterium Isotope Effects in RDX Decomposition

Method Temp. Range (K] Physical State Ratio KDIE Ref.

IDSC 500 liquid kH/kD 1.80(a) ± 0.18 6c
IDSC 505 liquid kW/kD 1.66(a) ± 0.17 6c
IDSC 510 liquid k 0D 1.54(a) 6b
IDSC 515 liquid kH/kD 1.46(a) ± 0.17 6c
TGA 472-489 solid and liquid kH/k 0  1.53t-c) ± 0.06 10b

(a) The RDX and RDX-d6 were prepared by identical methods. (b) The RDX and RDX-d 6 were prepared by different methods. (W) Recalculated
from published rate constants.

Table 3. Deuterium Isotope Effects in HMX and RDX Combustion

Compound Pressure {psig] KDIE (rH/ro)() Ref. N N
HX501.37±10.22 5 (CH20)n NH4 ýH r, N NH4---AC N.. DAFT

HMX 1000 1.61 ± 0.16 5 or A AI
HMX 1500 1.24 ±0.20 5 (CD20)n N
RDX 500 1.37 ±0.14 7 HMTA Ac
RDX 1000 1.47 ±0.21 7 KNO3

(a) Reported values are 95 % confidence limits for estimates of the H2SO4

mean KDIE. NO2  Ac

exothermic decomposition producing gaseous products N,,, PolyphosphocN

which further react in the flame. The change in the isotope 0 2N-t" N--NO2 Add 0 2 N-- __NO2

effect with pressure may be attributable to a change in the N 100% HNO 3  NI
physical state where a majority of the HMX decomposition I
occurred. It is possible that as pressure increased, the HMX NO2  

Ac

decomposition went from the solid state to the liquid(S). It is HMX DADN

also possible, however, that the differences between pres-
sures are due to a simple statistical deviation(ta.S, 46). There- Figure 2. HMX synthesis.

fore, a reasonable value for the isotope effects in HMX
combustion would be an average of the KDIE for all three N

pressures (i.e., 1.40 ± 0.11). (CH20)n + NH4OH • N, ,N
The bum rates of pressed pellets of RDX and RDX-d6  or

were also measured at 500 psig and 1000 psig (3.54 MPa (CD20)n --N
and 6.99 MPa). The ratios of these bum rates at each pres-. HMTA
sure are listed in Table 3. By application of the same crite-
ria as were applied to HMX, these effects were designated AC20
as primary(6.7). I

N02  Ac
3. Experimental I I

General Procedures. To ensure that differences in P2N0

experimental results were not due to impurities or sample 02 N N 2 A *N.N-Ac

history, the deuteriated forms of HMX and RDX were syn-

thesized in the same manner as the protiated forms. This RDX TRAT

was accomplished by substituting paraformaldehyde-d 2 for

paraformaldehyde in the synthesis of hexamethylenetetra- Figure 3. RDX synthesis.
mine to give hexamethylenetetramine-d12. The deuteriated

hexamethylenetetramine was then used in the synthesis of ax- to the 0-polymorph. A JEOL FX-90Q 90-MHz FT-NMR

either HMX-ds or RDX-d 6. The synthesis of HMX and was used to obtain all 1H NMR spectra. Melting point data
HMX-dg follows a four-step procedure diagramed in Figure were obtained using a Thomas-Hoover Unimelt capillary

2 and has been described in detail in the literature(5. 47-4 9). melting apparatus and unsealed capillary tubes. All melting

The synthesis of RDX and RDX-d6 follows a three-step points are uncorrected.
procedure diagramed in Figure 3 and has been described in The ingredients used in the model propellant formula-

detail in the literature(6.S0.sl). tions were standard propellant grade unless otherwise noted

All chemicals were reagent grade or better and were and were obtained from the following manufacturers: dibu-

used without purification. The paraformaldehyde-d 2 was tyltin diacetate (DBTDA), reagent grade, Alfa Products;

obtained from MSD isotopes. Burdick and Jackson dis- hydroxyl-terminated polybutadiene (HTPB, trade name R-

tilled-in-glass acetone was used to convert HMX from the 45M) Lot #803445, ARCO; isophorone diisocyanate (IPDI)
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Lot #6932-0008, Chemische Werke Hills AG; poly(diethyl- PELLET PRESS
eneglycol adipate), hydroxyl-terminated (trade name R-18)
Lot #D-018 4-002, Mobay; trimethylolethane trinitrate
(TMETN) Lot #6H-10M, Trojan; triphenylbismuthine
(TPB), reagent grade, Aldrich. For certain comparative
pressed pellet experiments, propellant grade HMX and
RDX were used. The HMX, Lot #78L675-014 and weight
median diameter of 26 gim, and the RDX, Lot #77H150-
058 and weight median diameter of 35 Jim, were obtained
from Aerojet. P"

HMX and RDX Particle Size. The 90 %, 50 %, and 10 %
particle diameters and the calculated specific surface area ,GELAMN CAPSULE

for each of the four synthesized nitranlines are listed(52) in .p
Table 4. The particle diameter data were obtained using a
Malvem 3600E Particle Size Analyzer by a light scattering
technique to determine the number of particles in each of a
large number of diameter bands. By using these data, the
diameters listed in Table 4 were calculated. The data in
Table 4 are interpreted as follows: the particle size listed for
the 90 % diameter is the diameter below which 90 % of the
sample particle diameters fall. The analyzer determines the
surface area of each band by using the median diameter of
the band and assuming that all particles are perfect spheres.
The specific surface area for a sample is simply the sum of Z R :I:,PAM X
the surface areas for all the diameter bands. Because many
particle samples do not possess a normal distribution of H4--------.l
sizes, it is conceivable that two samples with different parti-
cle distributions can have the same specific surface area. Figure 4. Pellet pressing apparatus.

Table 4. Particle Diameters (psm) and Calculated Specific Surface j 1.00-
Area (m

2
/cm

3
)

Compound 90 % 50% 10% Specific Surface
Area(

52
) [m

2
/cm 3

] TOP VIEW

HMX 47.4 21.9 6.2 0.13
HMX-d1  60.3 35.7 8.6 0.10RDX 61.2 36.7 11.8 0.10

RDX-d6  53.7 22.8 8.3 0.11 . 3 21" DIE

3.1 Pressed Pellet Preparation 0.7W T SIDE VIEW
0.734".3

The bottom halves of No. 3 gelatin capsules (Eli Lilly ,
Co.) were used to contain the pressed nitramine powder and
to act as an inhibitor to ensure the uniform horizontal bum- 0.213', .213'

ing of the pellets. The pellets were prepared by first placing
the gelatin capsule into the pellet die (Figs. 4 and 5) and 0210,

then filling the capsule with the appropriate nitramine pow-
der. The powder was then lightly compressed to allow for
the addition of more nitramine; more powder was added
and then compacted. This compacting procedure was
repeated several times until the level of the pressed powder -7'
was a few millimeters above the top lip of the capsule. A
hydraulic press (Model C, Fred S. Carver, Inc.) and a punch
[dia. 0.208 in (5.28 mm)], which fit snugly inside the gela-
tin capsule [I.D. 0.211 in (5.36 mm)], were used to com-
press the powder to a pressure of 50 psi (340 kPa) on a 17/s- DIE HOLDER CAPSULE
inch (47.6-mm) ram (Fig. 4). The punch was then with- SUPPOR7
drawn, and more powder was added to a level above the
capsule lip. The powder was pressed to its final pressure of Figure 5. Pellet die, holder, and capsule support.
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100 psi (690 kPa) on the 17/ 8-inch (47.6-mm) ram. This information exists dealing with the PB propellant burning
final pressure equates to a pressure on the 0.211 -inch (5.36- characteristics. The PB propellant is much less energetic
mm) diameter pellet of 7900 psi (54.5 MPa). The powders than the CW5 propellant. It has a fuel-rich formulation
were pressed to this pressure in order to give pellet den- which burns in a very heterogeneous manner giving off a

sities approximately the same as the densities of the formu- great deal of carbonaceous residue. The CW5 and PB pro-

lated propellants. pellants represent the opposite extremes with respect to

The pellet was removed by placing the die with capsule energetics and burning properties; they should therefore
onto the die holder (Fig. 5) and pressing the capsule out the provide a relevant test of isotope effects in cured nitramine
bottom of the die with the punch. A razor blade was used to propellants.
shave off the excess powder down to the top lip of the gela- Propellant Binders. In our experiments two different
tin casing. The densities of the RDX, RDX-d6, HMX, and types of binders were used. The binder of the CW5 formu-
HMX-ds pellets are listed in Table 5 along with the den- lation employed a polyester polymer (R-18) which was 37
sities of the propellant pellets. After pressing, the pellets % by weight oxygen and had a number average molecular
were approximately 13 mm x 5.4 mm in size. weight (MK) of 1400. The CW5 formulation also employed

a nitrate ester plasticizer, trimethylolethane trinitrate
Table 5. Pellet Densities for the Pressed Powders and the Formulated (TMETN), which increased the energy of the binder in
Propellants(a) addition to increasing binder elasticity. The PB formulation

Pellet Material Density [g/cm](b) used a polybutadiene polymer (R-45M), which was 3.6 %

HMX/HMX-ds 1.525 ± 0.015 by weight oxygen with a number average molecular weight
RDX/RDX-d6  1.400 ± 0.010 (Mn) of 2800. Because the PB formulations did not contain
HMX/HMX-ds CW5 1.616 ± 0.015 a plasticizer, their binder was much harder than that in the
RDX/RDX-d6 CW5 1.480 ± 0.030 CW5 formulation.
HMX/HMX-ds PB 1.507 ± 0.016
RDX/RDX-d6 PB 1.395 ± 0.025 Both polymers were crosslinked using a urethane cure.

This involves the condensation reaction of the isocyanate
(a) Compositions of formulations are given in Table 6. curative with the hydroxyl end group on the polymer to
Nb) The reported error is at the 95 % confidence level, form a urethane linkage. The cure catalyst appears to facili-

3.2 Model Propellant Preparation tate the curing process by stabilizing the alcohol-isocyanate
complex, thus enhancing the rate of formation of the ure-

Propellant Formulations. The nitramine propellant for- thane linkages(55).
mulations used in this study, designated CW5 and PB, are The propellants were prepared on a 2.5-g scale in a 50-
listed in Table 6. The CW5 formulation (Table 6a) was cho- ml Teflon beaker. Initially, the polymer, curative, and, if
sen because of its simplicity and because it contained both necessary, plasticizer were mixed into a viscous homogene-
an energetic plasticizer and a high oxygen content polymer. ous liquid. The nitramine, which had been dried at 60 °C
The CW5 formulation is a relatively energetic nitramine for 12 h, was then mixed in until a smooth, pasty consisten-
propellant which bums very uniformly owing to an almost cy was achieved. Finally, the cure catalyst was added and
equal balance between fuel and oxidizer components. the completed propellant carefully packed into the bottom

The PB propellant formulation (Table 6b) was also cho- halves of five No. 3 gelatin capsules. Great care was taken
sen for its simplicity. In addition, it has been used previous- to avoid leaving any trapped air in the propellant. Large-
ly in studies involving both combustion modeling(53) and scale propellant mixing operations can avoid the problem of
propellant burning properties(54 ). Thus, a large amount of trapped gases by performing most propellant mixing proce-

Table 6a. CW5 Propellant Formulation

Compound Structure Percent (wt]

Nitramine 73.20

0 0II II
R-18 (polymer) Ho.-C*Ca.,C(oCHd C)4co- 8.51

TMETN (plasticizer) C 16.89

JPDI (curative) t4,3 'I( 1.39

H3C CK2NCO

DBTDA (cure catalyst) (CH3CH2CH2CH2)2Sn(OCOCH3)2 0.01
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Table 6b. PB Propellant Formulation

Compound Structure Percent [wt]

",ihranine 80.00

R.45M (polymer) Ho-f CH .C L.oCHuIjGC 18.52

NCOIPDI (curative) Zt" _._ 1.46

H3C CH2IC

TPB (cure catalyst) (CeHs)aBI 0.02

dures under a vacuum. However, because it is impractical if (Phillips Laboratory, Air Force Systems Material), Propel-
not impossible to use normal mixing methods on a 2.5-g lant Experimental Area 1 - 30. All experiments were moni-
scale, our initial propellant mixtures were prepared and tored remotely from a control room adjacent to the test
cured at atmospheric pressure. Not unexpectedly, these pro- cell.
pellants contained trapped gases in the form of bubbles in Window Bomb. The window bomb (AFRPL Window
the propellant. When pellets of these propellants were Bomb drawing #X7616176) used for all combustion experi-
placed inside the window bomb and then pressurized to ments is shown in Figure 6. Samples in the window bomb
1000 psig, the sides of the pellets were contracted due to were illuminated using a xcnon spot light (Color Arc 2000).
the compression of the bubbles inside the cured propellant. Experiments were recorded using a high-speed video
This problem was avo'ded if the propellant was cured under system (Ektapro 1000, Kodak-Spin Physics). Data were
pressure: the propellant-filled capsules were cured at 40 *C collected at a rate of 1000 frames per second with timing
in a pressure bomb (Parr Model 1108 Oxygen Bomb) pres- data recorded on each video frame.
surized to 50 atm (735 psia, 5.u7 MPa) with nitrogen. The ENwa
increased curing pressure either forced out or compressed
the bubbles in the propellant. The CW5 propellants were
fully cured after 12 h at 40 °C. However, the PB propellants
required from 24 h to 36 h at 40 °C to cure fully. The den-
sities of the propellants are listed in Table 5. The cured
CW5 and PB propellant pellets were approximately 13.5
mm x 5.4 mm in size.

PVC Coated Propellants. The gelatin capsules frequent-
ly cracked due to dehydration when propellant curing
required more than 24 h. Because the propellant burning
surface propagated down these cracks, making accurate
bum rate dcetermination extremely difficult, the damaged
gelatin capsules did not function effectively as burning
inhibitors. Therefore, several experiments were performed
using a polyvinyl chloride (PVC) coating as the burning pet
inhibitor. This was accomplished by first preparing the pro- Nitrogen
pellant in the gelatin capsules as described above. The fully Presr

cured encapsulated propellants were then placed in a dilute
aqueous acetic acid solution to dissolve away the gelatin.
The propellant pellets were then thoroughly washed with
distilled water and air-dried. The pellets were dipped into a
dilute solution of PVC in dichloromethane and air-dried. External Phoghp
Finally, a razor blade was used to shave off a small disk of uiurrinati wiow
propellant from the top of the pellet to give an uncoated
surface for burning.

3.3 Window Bomb Combustion Procedure Nitrogen Pu

Burn rate experiments were performed in a reinforced
concrete test cell at the Air Force Astronautics Laboratory Figure 6. High pressure window bomb.



Propellants, Explosives, Pyrotechnics 19, 42-58 (1994) Kinetic Deuterium Isotope Effects 51

Burn Rate Experiments. A typical burn rate experiment Bum rates were determined in the following manner. A
began by first placing a ruler on the base of the window single video frame of the ruler inside the window bomb was
bomb in the same location as occupied by the pellet (Fig. displayed on a video monitor. A clear Mylar sheet, contain-
7A). The base was then screwed on to the bomb and ing a grid which exactly matched the ruler markings dis-
approximately one hundred frames of the scale were taken played on the monitor, was taped to the screen. The video
using the high-speed video system. These data were later of the pellet burn was then advanced until all the effects of
used to determine burn rates. The scale was then removed ignition had dissipated. This was normally after about the
and replaced with a pellet placed atop of a small piece of top 20 % of the pellet had burned. At this point the time
putty (Fig. 7B). The pellet, with a Nichrome wire stretched given on the video frame and the distance on the grid were
across the top, and the base were then attached to the bomb. recorded. The video was then advanced until the pellet burn
Normally the window bomb was pressurized to 1000 psig reached the point where the curvature of the pellet bottom
(6.99 MPa) with nitrogen prior to the experiment. The pres- began. At this location the time and distance were again
sure inside the window bomb was regulated to ± 10 psi recorded. The pellet burn rate was calculated by taking the
(0.07 MPa) during the experiment. A constant 15 psid (15- distance burned over the change in time..
psi (0.10 MPa) differential between inlet and exit pressures]
nitrogen purge during the experiment maintained a clear
photographic path to the pellet by removing combustion
products and dissipating convective heat currents. The pel- 4. Results and Discussion
let was ignited by the Nichrome wire and the burning
recorded using the high-speed video system. The linear burn rate of nitramines and nitramine propel-

lants depends on both kinetic and physical parameters(4.54).
In our experiments, factors such as pressure, temperature,

, the shape and size of the burning surface, etc. are essential-
ly the same for two samples differing only by isotopic sub-
stitution. Thus, any burn rate differences should be due to
the effect of isotopic substitution on the rate-limiting pro-
cess in the combustion mechanism. Because it is currently
impractical if not impossible to obtain kinetic rate constants
of individual reactions from combustion experiments, burn
rates must be used to obtain isotope effect values. The rela-
tionship between burn rate and kinetic rate constants of the
combustion phenomenon's reactions permits the determina-
tion of a rate-limiting step from KDIE values(5).

Nitramine and nitramine propellant combustion begins
with condensed phase decomposition reactions at the burn-
ing surface and proceeds through to gas phase oxidation
reactions in the luminous fiame(4.5 .56). Reaction tempera-
tures for combustion range fnm approximately 673 K at
the burning surface to in excess of 1800 K in the luminous

WINDOW BO MB Tflame( 54). A fundamental principle of reaction kinetics isWINDOW BOMB NICHROME that reaction rates increase with increasing temperature. In
WIRE addition, it can be shown that reaction rates tend to increase/ wh.n going from a non-mobile condensed phase to the gas

phase(S7 ). Thus, it would seem that the slowest reactions in

B the combustion mechanism occur in the condensed
phase(5.SS). The numerous mechanistic models proposed for
HMX and RDX condensed-phase decomposition suggest a
limited number of reactions occurring in the condensed

Cphase due to the early production of gas-phase intermedi-
ates(9,59-67). Recent theoretical studies indicate that after the
early bond-breaking steps of HMX and RDX decomposi-
tion, the further breakup of the nitramine becomes relative-
ly facile(43). From this, one can reasonably conclude that it
is likely that the slowest step in the chemically controlled
nitramine combustion mechanism occurs early in the con-
densed-phase nitramine decomposition.

Depending on the initial conditions, the decomposi-
tions of HMX and RDX follow either a first order

Figure 7. Placement of pellet and scale. (Eq. 6)(6.10,6.-71) or an autocatalytic rate law (Eq. 7)(9.70b.72).



52 P. C. Trulove, R.D. Chapman, and S.C. Shackelford Propellants, Explosives, Pyrotechnics 19,42-58 (1994)

da W -k(a-a) (6) 4.1 Burn Rate Experiments
dt In the following experiments the relative burn rate dif-

dcx ferences between samples containing either the protiated or
=ko.(l-a) (7) deuteriated nitramine are measured. Additionally, it was our

purpose to compare the KDIEs of the pure nitramines with

The extent of reaction is represented by cc, t is time, and the KDIEs of the corresponding propellant mixtures.

k is the kinetic rate constant for the reaction. It can be Toward this end, every effort was made to prelude differ-

shown that ences in bum rate due to synthesis, sample history, propel-
lant mixing, pellet preparation, and pellet density.

dc = rC (8) Pressed Pellet Results

Ft
As a baseline for future comparison to model nitramine

where r is the linear bum rate and C is a shape factor which propellants we repeated combustion studies(5.6) on HMX,

depends on the dimensions of the burning surface(73).
HMX-dg, RDX, and RDX-d 6 pressed pellets, acquiring the

Assuming that the same process which controls the rate of burn rate data listed in Table 7. The bum rates Gf commer-
decomposition also controls the rate of combustion, then cial grade HMX and RDX pressed pellets were also measu-
with respect to the equations above [Eqs. (6) - (8)], the line- red, giving values of 0.535 ± 0.057 in/s (13.6 ± 1.4 mmns)
ar bum rate should be proportional to the kinetic rate con-stan suh tat DIEvales cn b obaind fom urn and 0.551 + 0.020 in/s (14.0 + 0.5 rmins), respectively.
stant such that KDIE values can be obtained from bur These burn rates are in the same range as the values listed
rates by assuming for the synthesized HMX and RDX, indicating that the

rH _ kH results given in Table 7 are reasonable.

rH kD (9) The KDIE of 1.40 ± 0.11 for HMX combustion at vary-
ing pressures (500 psig - 1500 psig) reported previously(5 )

is consistent with the 95 % confidence interval of 1.30
The rate constant k for the combustion reaction is depen- ±0.05 for the mean isotope effect for HMX determined

dent on the rate constant of the slowest step and to a lesser here. The previous report of 1.47 ± 0.21 for RDX(6.7) under
extent on the steps preceding the slow step(74). Since the conditions identical to these (1000 psig) is also consistent
rate-controlling process for nitramine combustion appears with our experimental value of 1.31 ± 0.04 for pure RDX
to occur early in the decomposition, the value of k should (Table 7).
reflect primarily the rate constant of the slow step. Thus, Using the evaluation criteria developed in the Back-
the KDIE values obtained from burn rates should be reason- ground, the estimate for the isotope effect arising from a
ably representative of the effect of deuterium substitution C-H bond rupture in HMX or RDX is 1.41. The estimated
on the rate-controlling process. isotope effect for a C-N bond rupture is 1.19 (also see

Results from some computational modeling of nitramine Background). These estimates were made from data collect-
propellant burn rates suggest that k is proportional to r2 ed at temperatures around 500 K(id), whereas the tempera-
instead of r(53 .75 -80 ). If k is in fact proportional to r2, this ture of the burning surface during combustion is approxi-
would mean that the true KDIE values for the nitramine and mately 673 K. If one used Eq. (4) and assumed that the iso-
nitramine propellant combustion reaction rate constants tope effects were due strictly to zero point energy differenc-
would be even larger than the values described here (viz., es (i.e., [AE,]), then a temperature extrapolation can be
the square of the KDIEs based on r). The assumption of performed on the above estimates, giving KDIE values of
proportionality to r rather than r 2 allows the most conserva- 1.29 for a C-H bond rupture and 1.14 for a C-N bond rup-
tive estimation of KDIEs consistent with current combus- ture at 673 K.
tion theories. Ultimately, either approach would not signifi- The rate-limiting step for the thermal decomposition of
cantly affect the conclusions drawn here. pure HMX and RDX under most conditions appears to be a

Table 7. Bum Rate Results for HMX, HMX-d8, RDX, and RDX-d6 Pressed Pellets at 1000 psig(a)

HMX HMX-da RDX RDX-d6
rTH [in/s rD [ints] rH [in/s] rD [ints]

0.503 0.394 0.600 0.449
0.505 0.386 0.587 0.456
0.531 0.395 0.609 0.457
0.503 0.397 0.578 0.452
S= 0.510 ± 0.022 rD = 0.393 ± 0.008 rH = 0.594 ± 0.022 rD = 0.454 ± 0.006

( = 1.30±0.05 KDIE != - 1.31 0.04

(W) Reported error is at the 95 % confidence level.
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C-H bond rupture(6 .9.t 0). Assuming a consistent rate-limiting characteristics of the inhibitors. The gelatin capsule was
process for both decomposition and combustion, and apply- better at limiting the propellant burning to the top surface of
ing the above KDIE criteria for 673 K, the isotope effect the pellet. The PVC coating allowed the propellant burning
values for both HMX and RDX of 1.30 ± 0.05 and 1.31 ± to proceed down the side of the pellet slightly ahead of the
0.04, respectively, indicate a rate-limiting C-H bond rupture advancing top surface; this allowed more burning surface,
in the combustion process. These assignments are in agree- thus increasing the overall linear burn rate.
ment with previous HMX and RDX combustion studies(5-7). Overall, it can be seen from the data in Table 8 that the

variation in parameters had only a minor effect on the CW5
Effects of Curing Conditions and Burning Inhibitors propellant burn rate. Thus, one can conclude that any

changes in bunt rate between normal and deuterium-labeled
The effects of curing conditions and burning inhibitors propellants should be due strictly to the effect of deuterium

on propellant burn rate were investigated in order to test the on the rate-controlling process.
ruggedness of our CW5 propellant formulation. The results
of these experiments on CW5 propellant formulations con- KDIE in CW5 Propellant Mixtures
taining commercial grade HMX and RDX are listed in
Table 8. The burn rate results for normal and deuterium-labeled

HMX- and RDX-CW5 propellants in gelatin capsules are
Table . The Effects of Burning Inhibitor. Curing, and Curing Pressu- listed in Tables 9 and 10, respectively. Because of the smallre on CW5 Propellant Burn Rates at 10010 psi8

Formulation Cure Conditions"s) aurning Inhibitor Bum Rate [ir/s,) Table 9. Bum Rate Results for HMX and HMX-dg CW5 Propellants
at 1000 psig(a)

HMX-CW5 I atm Gelatin Capsule 0.175± 0.006
HMX-CW5 50 atm Gelatin Capsule 0.166 ± 0.003 HMX-CW5 rH [mins] HMX-dg-CW5 rD [in/s]
HMX-CW5 uncured(c) Gelatin Capsule 0.158 ± 0.007 0.173 0.180 0.142
tjMX-CW5 50artm PVC 0.177±0.004 J.174 0.179 0.141
RDX-CW5 1 atn Gelatin Capsule 0.177 ± 0.003 0.178 0.201 0.131
RDX-CW5 50 atm Gelatin Capsule 0.178 ± 0.005 0.159 0.155 0.137
RDX-CW5 uncuredtc) Gelatin Capsule 0.174 ± 0.004 0.162 0.206 0.136
RDX-CW5 50 atm PVC 0.186±0.009 - = 0.1776 0.012 06D = 0. 137 ± 0.005

(a) All propellants were maintained at 40 °C until fully cured. ( 1
(b) Reported error is at the 95 % confidence level. Wc) No DBTDA cure KDIE = = 1.29 ± 0.09

catalyst was added to these propellants.

Our initial propellant mixtures were prepared and cured (a) Reported error is at the 95 % confidence level.

at atmospheric pressure, but these propellants contained
trapped gases in the form of bubbles in the propellant. magnitude of the KDIE for data set I and the low burn rate
When pellets of these propellants were placed inside the of the RDX-CW5 propellant compared to the burn rate of
window bomb and then pressurized to 1000 psig, the sides the commercial grade RDX-CW5 (Table 7), a second set of
of the pellets were contracted due to the compression of the data was obtained. The burn rates for both the RDX-CW5
bubbles inside the cured propellant. This problem was and RDX-d6-CW5 propellants in the second data set were
avoided if the propellant was cured at 50 atm (735 psia, significantly greater than in the first data set. The propel-
5.07 MPa). Evidently, the increased curing pressure either lants for the second data set were mixed on a day of higher
forced out or compressed the bubbles in the propellant. As humidity, and the presence of moisture evidently caused the
can be seen from the data in Table 8, the effect of the propellant to degas more than usual. This is the apparent
change in curing pressure is very small, There was only a cause of the higher overall burn rates.
slight decrease in the HMX-CW5 burn rate and no change It is important to note that each data set is self-consis-
in the RDX-CW5 bum rate when changing the cure pres- tent. In each data set both the RDX-CW5 and RDX-d6-
sure from I atm to 50 atm. CW5 propellants were prepared under identical conditions

The difference in the bum rate of cured versus uncured using the same ingredients, the cured pellets were burned
HMX-CW5 is relatively small. In the case of the RDX- on the same day under identical conditions, and the data
CW5 propellant, the difference is insignificant. These were reduced in the same manner. Therefore, any differenc-
results indicate the relative unimportance of the physical es in burn rates between the RDX-CW5 and RDX-d6-CW5
structure of the propellant binder it, determining burn rate propellants are due strictly to the effect of deuterium substi-
under the conditions of this study. Conseqk-ently, any differ- tution on the rate-limiting process. Consequently, the differ-
ences in crosslinking density, and thus binder physical ences in the KDIE values for the two data sets represent
properties, between chemically identical propellant mixes simple statistical variations.
should not introduce any significant variation in burn rate. The data in Tables 9 and 10 clearly demonstrate an iso-

There was a small increase in the burn rate of both tope effect for both HMX- and RDX-CW5 propellant mix-
HMX- and RDX-CW5 propellants when the burning inhibi- tures. The magnitude of the KDIE for HMX-CW5 of 1.29 ±
tor was switched from a gelatin capsule to PVC. These 0.09 is almost identical to that of the pure HMX, The KDIE
differences are most likely due to the different physical for RDX-CW5 of 1.24 ± 0.07 is statistically not significant-
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Table 10. Bum Rate Results for RDX and RDX-d6 CW5 Propellants at 1000 psig(A)

Set I Set 11

RDX-CW5 RDX-4-CW5 RDX-CW5 RDX-d6-CW5
r14 (in/sI rD insi rN (tn/sl iDt |i/sl

0.162 0.125 0.241 0.253 0.193 0.179
0.164 0.135 0.229 0.218 0.196 0.188
0.143 0.135 0.252 0.245 0.191 0.188
0.156 0.136 0.227 0.238 0.173 0.184
0.156 0.140 0.257

rFH - 0.156 ± 0.010 i'D -0.134 0.007 i =0.240 0.010 TD = 0.:87 ±0.006

KDIE=( = -1.16±0.08 MDE= I ~) = 1.29 ±0.06
~rDI YD

Average KDIE) = 1.24 ± 0.07

(a) Reported error is at the 95 % confidence level. M,) Weighted average for data sets I and II (based on statistical degrees of freedom).

Table 11. Burn Rate Results for HMX, HMX-ds, RDX and RDX-d 6 PB Propellants at 1000 psig(a~b)

HMX-PB HMX-dg-PB RDX-PB RDX-d4-PB
ri, [in/s] ID [in/s] rH [in/s] rD [in/si

0.124 0.104 0.193 0.169
0.109 0.114 0.189 0.156
0.112 0.110 0.195 0.160
0.116 0.107 0.157
0.111 0.110 0.162

TH 0.114 ±0.007 r=D 0.109 ± 0.005 H = 0.192 ± 0.008 rD= 0.161 ± 0.006

KDI ( = 1.05 0.07 KDIE = = 1.20 ± 0.05

(a) Reported error is at the 95 % confidence level. Nb) PVC was used as the burning inhibitor for all pellets.

ly different at the 95 % confidence level from the value of lants bum in a very heterogeneous manner, producing large
pure RDX of 1.31 ± 0.04. These data provide evidence that amounts of carbonaceous residue. This residue tends to
the chemical mechanism which kinetically controls the remain on the surface of the burning propellant, possibly
combustion of the pure HMX and RDX continues to control causing an increase in the burning surface temperature due
the combustion of the HMX and RDX-CW5 propellants. to increased heat feedback from the flame to the burning
Therefore, a C-H bond rupture during the condensed phase surface. This increase in the local temperature of the sur-
decomposition appears to be the rate-controlling process in face at which the RDX decomposition takes place would be
the combustion of both HMX- and RDX-CW5 propellant expected to result in a smaller KDIE value. The decrease in
mixtures. the magnitude of the KDIE also could be the result of a

change in the RDX decomposition mechanism. This change
KDIE in PB Propellant Mixtures might be a new rate-limiting step other than C-H bond rup-

ture (e.g., C-N), or it may be the introduction of a competi-
The bum rate results for normal and deuterium-labeled tive rate-limiting feature in addition to the C-H bond rup-

HMX- and RDX-PB propellant mixtures are listed in Table ture. Finally, the difference in KDIE values may simply be
11. The burn rates of PB propellants containing commercial due to a statistically inaccurate estimate of the RDX-PB
grade HMX and RDX were measured, giving mean values propellant isotope effect value caused by a small sample
of 0.155 ± 0.007 in/s (3.94 ± 0.1 8 mm/s) and 0.177 ± 0.006 size.
in/s (4.50 ± 0.15 mim/s), respectively. The commercial The RDX-PB KDIE of 1.20 falls between the primary
grades' results appear to confirm the significantly lower and secondary estimates of 1.29 and 1.14, respectively, at
HMX-PB bum rate compared to the RDX-PB and to previ- 673 K; thus, it is difficult to assign this effect to either a
ous model propellant burn rates. C-H or a C-N bond rupture. Because of the fact that all pre-

The KDIE of 1.20 ± 0.05 for the RDX-PB propellant vious RDX decomposition and combustion studies indicate
mixture is statistically different at the 95 % confidence a rate-limiting C-H bond rupture and the fact that the KDIE
level from the KDIE value of 1.31 ± 0.04 for pure RDX. is larger than the estimated secondary effect, the KDIE for
This decrease in isotope effect could be due to many fac- the combustion of RDX-PB propellants still could be due to
tors. Unlike the CW5 propellant mixtures, the PB propel- a rate-limiting C-H bond rupture, with other unknown
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factors contributing to the observed lower KDIE. However, pellant's bum rate may be determined by rate-controlling
the assignment is not definitive. steps to which both the deuterium-labeled nitramine and the

The overall linear bum rates for the HMX-PB propellant unlabelled binder contribute in a weighted proportion. The
as shown in Table II are significantly less than for the observed KDIE could result from one ingredient's larger
RDX-PB propellant and all the CW5 propellant mixes. Fur- KDIE (produced by the labeled nitramine) diluted or
thermore, the HMX-PB propellant exhibits a KDIE of only reduced by some extent to which the unlabeled binder's
1.05 ± 0.07, which is much smaller than for all the other "KDIE" value (1.00) is involved. Because both chemical
propellants in this study. These data indicate a significant compounds bum at nearly the same rate in the formulated
change in overall combustion mechanism between pure propellant, the rate-controlling step for each pure compo-
HMX and the HMX-PB propellant. Although the isotope nent must proceed at a rate similar enough to affect the
effect appears to be real and its value falls well below the overall KDIE observed as burn rate differences. In a pre-
estimated secondary effect value, one cannot absolutely liminary, simplified conceptual illustration, the following
rule out the possibility that the observed effect is simply a relationship may apply:
very small primary effect. Again, unknown factors includ- a -(KDIE)Hm + (KDIE) = (KD1E)1 (10)
ing physical effects may have become predominant in
HMX-PB combustion. Thus, from the available data, it is where a + * 1. The values of a and 0 could be deter-
impossible to make a definitive assignment of a rate-limit- mined by the chemical composition or structure of the bind-
ing process for HMX-PB propellant combustion. er and by the amount of binder used in the formulation.

Interestingly, the "mixed melt" region of HMX decom- This second factor is illustrated by the large difference in
position observed previously(9) also exhibited an isotope the experimentally observed KDIE between the CW5 pro-
effect very close to unity. One could speculate that the pellants (where a 1V KDIE assignment undoubtedly is valid
small KDIE value for the HMX-PB propellant was due to if the observed KDIE is a result of a reduction by the R-18
the majority of HMX decomposition occurring in the mixed binder's participation) and the PB (R-45M) propellants
melt as opposed to either the solid or liquid phase. This in (where a much smaller KDIE is seen). Whether this differ-
turn could be the result of the heterogeneous nature of the ence in observed KDIEs between the R- 18 polyester and R-
PB propellant burning. Increased heat feedback caused by 45M HTPB binder results mainly from their difference in
the carbonaceous residue formed in HMX-PB combustion chemical structure or from the percentage used relative to
could lead to a higher temperature, contributing further to the deuterium-labeled nitramine (weight ratios: R-18/nitra-
the transition to the "mixed melt" phase. mine = 8.51/73.20 = 0.16, and R-45M/nitramine =

While assignment of either a 1P or 20 KDIE to a value 18.52/80.00 = 0.23) cannot be determined without a
near 1.35 is not a simple task even with pure compounds, a systematic bum rate study wherein one of the two appropri-
mixture of compounds like that in a propellant formulation ate variables (chemical structure and binder percentage) is
represents an even greater problem. The chemical reactions held constant. Future work could address this point.
occurring between all of the chemical compounds during
propellant combustion are extremely complex and not well S. Conclusion
understood to date. This is vividly illustrated in the reason-
ably simple mixture comprised of 2 % HMX-ds + 98 % Our research has confirmed the presence of significant
HMX prepared by coprecipitation, which displays an unex- isotope effects in the combustion of HMX and RDX. More
pected 29 % - 38 % burn rate reduction at 500 psig (3.55 importantly, we have demonstrated the existence of signifi-
MPa) and 1000 psig (6.99 MPa)(3). Past bum rate studies cant KDIEs during the combustion of model formulated
also have shown that simply mixing a binder with a nitra- nitramine propellants, confirming the significance of che-
mine (IMX or RDX) drastically alters the observed burn mical kinetic control in the observed burn rate. The consi-
rate(3S8-t), as does the binder's chemical composition(S4) and stency between the effects of the pure nitramines and those
its percentage in the propellant formulation(56). The overall of the HMX- and RDX-CW5 and RDX-PB propellants
burn rate of the formulated propellant must result from a indicates similar rate-controlling processes. The KDIEs
synergistic interaction where all pure chemical ingredients observed for the pure nitramines and the above propellants
combine to burn at nearly, but perhaps not exactly, the appear to be the result of a rate-controlling C-H bond ruptu-
same rate. Recent FTIR analyses of quenched samples of re in the condensed phase. The combustion of the HMX-PB
burning propellant have revealed a slight enrichment of propellant shows an isotope effect value significantly less
polymeric binder or its decomposed product at the sur- than that of the pure nitramine, indicating a considerable
face(82). Interestingly, the inclusion of a binder with a nitra- change in the rate-controlling process.
mine produces a burn rate lower than that of the pure nitra- This report is particularly significant in extending previ-
mine(SSsi); even an HMX/GAP formulation displays a ous findin-gs from pure oxidizers to more realistic propel-
lower burn rate than that of the pure HMX or the even high- lant systems containing additional ingredients which could
er bum rate exhibited by pure cured GAP samples(Si). complicate the combustion mechanism. In spite of these

While these burn rate characteristics may seem puzzling, ingredients' participation in the global combustion mecha-
the KDIE results from this formulated propellant investiga- nism, evidence has been given that in most cases the chemi-
tion suggest two factors that may contribute to this cal'kinetics of the nitramine ingredient control the global
observed burn rate behavior. First, a formulated pro- bum rate of the model propellant.
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